The enantioselective synthesis of 2-(arylmethyl)-and 2-(alkenylmethyl)pyrrolidine derivatives via Pd-catalyzed alkene carboamination reactions is described. These transformations generate enantiomerically enriched products with up to 94% ee from readily available alkenyl or aryl bromides and N-boc-pent-4-enylamines. The application of this method to a concise asymmetric synthesis of (-)-tylophorine is also discussed.
The syn-insertion of alkenes into palladium-nitrogen bonds has been implicated as a key step in a number of important metalcatalyzed processes, 1 including alkene carboaminations, 2 diaminations, 3 and oxidative aminations. 4 In many instances these transformations proceed with high levels of diastereoselectivity. However, enantioselective variants of transformations that involve synaminopalladation are extremely rare. 5 For example, enantioselective Pd-catalyzed carboamination reactions between aryl/alkenyl halides and alkenes bearing pendant amines have not previously been described, and only two reports of Pd-catalyzed asymmetric diaminations that likely proceed via syn-aminopalladation have appeared in the literature. 5 Over the past several years our group has developed a practical and efficient method for the synthesis of substituted pyrrolidines via Pd-catalyzed carboamination reactions between aryl/alkenyl bromides and γ-aminoalkene derivatives.
1a,b,2 Our success in this endeavor prompted us to investigate an asymmetric variant of these transformations that would generate enantiomerically enriched 2-(arylmethyl)pyrrolidines. These structures are prominent features of many natural products (e.g., (-)-tylophorine, 1) and pharmaceutical leads (e.g., 2), and their absolute stereochemistry can have striking effects on biological activity. For example, the R-enantiomer of pyrrolidine 2 is a potent 5-HT 6 agonist, whereas the S-enantiomer displays antagonistic activity. 6 In this communication we report our preliminary studies on the enantioselective synthesis of 2-(arylmethyl)-or 2-(alkenylmethyl)pyrrolidines via asymmetric Pd-catalyzed alkene carboamination reactions. [7] [8] [9] These reactions proceed with good levels of asymmetric induction and constitute rare examples of transformations that involve enantioselective syn-aminopalladation.
In our initial experiments we examined the coupling of N-(boc)-pent-4-enylamine (3a) with 2-bromonaphthalene ( Table 1) . Our prior studies with achiral catalysts indicated that chelating phosphine ligands with relatively large bite angles (e.g., dpe-phos or dppb) 2b provided satisfactory yields of racemic products. Thus, we examined a series of chiral bis-phosphines for the carboamination of 3a.
Unfortunately, ligands such as (S)-BINAP (5) or (S)-Phanephos (7), which possess bite angles similar to dpe-phos and dppb, provided poor yields of 4a, low enantioselectivities, or both. 10 We then elected to investigate chiral phosphoramidite ligands for this transformation, as several recent studies have illustrated these ligands are highly effective in other enantioselective Pd-catalyzed addition reactions. 11 Promising results were obtained with BINOLderived phosphoramidites 8-9, and further exploration led to the discovery that (R)-Siphos-PE 12 (10) provided useful levels of enantioselectivity. After further optimization of reaction conditions we found that use of 2.5 mol % of Pd 2 (dba) 3 as precatalyst, a ligand: metal ratio of 1.5:1, and a lower reaction temperature of 90°C produced 4a in 78% yield and 82% ee (Table 2, entry 1).
The optimized conditions described above are effective for carboamination reactions between substrates 3a-c and several different aryl or alkenyl bromides. As shown in Table 2 , these transformations proceeded in moderate to good yield and provided the desired products with ee's ranging from 72-94%. Although most experiments were conducted on a small scale (0.20 mmol), the coupling of 3a with 2-bromonaphthalene gave nearly identical results on both small (0.2 mmol) and large (1.0 mmol) scales (entries 1-2). The best enantioselectivities were obtained with -bromostyrene as the electrophilic coupling partner (entries 12, 13, and 22). Electron-donating groups on the aryl bromide were [20] [21] proceeded in acceptable yields, but efforts to employ 3-bromobenzonitrile or 4-bromobenzophenone were unsuccessful. Substrate 3b bearing gem-dimethyl substitution at C2 was transformed in similar yields and selectivities as in the case of 3a, although use of a substrate bearing a diethyl acetal at C2 (3c) gave a product with lower ee (entry 23). Use of aryl iodide electrophiles gave product yields and enantioselectivities similar to those obtained with aryl bromides. However, aryl chlorides were unreactive under these conditions, and low yields were obtained with aryl triflate substrates due to competing basemediated cleavage of the sulfonate ester. 13 In general, side products were not observed in crude reaction mixtures, and it is likely that modest yields result from competing base-mediated substrate decomposition.
2b,14,15 Substrate decomposition was also observed in attempted asymmetric carboamination reactions of substrates bearing 1,1-or 1,2-disubstituted alkenes.
In order to illustrate the utility of the enantioselective carboamination reactions, and to establish the absolute configuration of the pyrrolidine products, 16 a short synthesis of the natural product (-)-tylophorine was undertaken. This molecule exhibits potent antitumor and antiviral activities, 17 and there has been considerable interest in the development of synthetic routes to tylophorine and other related phenanthroindolizidine alkaloids.
7b, 18, 19 Our enantioselective synthesis of (-)-tylophorine employs a route analogous to that developed by Herr for the construction of (()-tylophorine. 18 Aryl bromide 11 was prepared in four steps 18 and then coupled with N-boc-pent-4-enylamine (3a) using the Pd/(R)-Siphos-PE catalyst system (Scheme 1). We were gratified to find this reaction yielded the desired pyrrolidine 12 in 69% yield and 88% ee. Intermediate 12 was converted to (-)-tylophorine (1) in two steps 18 and nearly quantitative yield.
The mechanism of Pd/phosphine catalyzed alkene carboamination reactions is believed to involve intramolecular alkene insertion into the Pd-N bond of an intermediate L n Pd(Ar)(NRR′) complex (e.g., 13), 1a,2c which generates the new C-N bond and forms 1-2 stereocenters depending on the degree of alkene substitution (Scheme 2). Carbon-carbon bond-forming reductive elimination from 14 then leads to generation of pyrrolidine products 4 that result from net suprafacial addition of the aryl group and the nitrogen atom across the alkene. 20 In the enantioselective transformations, it appears reasonably likely that product stereochemistry is determined during the C-N bond-forming step. However, the Siphos-PE ligand has considerably different steric and electronic properties than those of phosphine ligands such as dpe-phos, dppf, and xantphos, which were employed in the generation of racemic pyrrolidine products.
1a,20 Thus, we sought to determine if the Pd/ Siphos-PE-catalyzed reactions also occur with suprafacial selectivity (via a syn-aminopalladation pathway). To this end, we examined the coupling of deuterated substrate 3d with bromobenzene. As shown in eq 1, the pyrrolidine product results from suprafacial addition, which suggests both the asymmetric and nonasymmetric variants of the carboamination reactions proceed through similar mechanisms.
Although the precise structure of the transition state leading to the major enantiomer is not clear, our data provide some information about the enantiodetermining step of these reactions. The enantioselectivity obtained in the conversion of 3a to 4a did not change when ligand/ metal ratios were varied from 1:1 to 2:1, which suggests a monoligated palladium complex is involved in the stereochemistry determining step. The poor asymmetric induction obtained with chelating bis-phosphines (e.g., 5-7) may be due to dissociation of one arm of the chelate to provide a four-coordinate complex analogous to 13 prior to aminopalladation. This would place much of the chiral ligand steric bulk at a large distance away from the reactive site, which could diminish asymmetric induction. 21 In contrast, the monodentate phosphoramidite ligands should provide relatively facile access to reactive L 1 complexes. The high selectivities obtained with these ligands may arise from the steric bulk and chiral elements on both the amine group and the diol portion, which appear to be projected around the metal center to a much greater degree than the substituents on ligands such as 5-7 when bound through a single P-atom. 22 In conclusion, we have developed enantioselective Pd-catalyzed alkene carboamination reactions that afford 2-(arylmethyl)-or 2-(alkenylmethyl)pyrrolidines in good yields and enantioselectivities. These transformations provide a new means for the asymmetric construction of this important class of nitrogen heterocycles and a new route to enantiomerically enriched phenanthroindolizidine alkaloids such as tylophorine. Further studies on the design of more efficient chiral catalysts for these transformations are currently underway.
